ABSTRACT Massive multiple-input multiple-output (MIMO) is considered as a promising technique in wireless communication systems, which contains cellular base stations equipped with a very large number of antennas to serve multiple users. However, the performance of massive MIMO is limited by the impact of pilot contamination due to inter-cell interference (ICI). In conventional massive MIMO systems, pilot sequences are randomly assigned to users without any further consideration. In this paper, a vertex graph coloring-based pilot assignment (VGC-PA) algorithm is proposed in conjunction with the existing post-processing discrete Fourier transform (DFT) filtering channel estimation to mitigate the ICI between users with the same pilot sequence in the channel estimation process to improve the capacity of the whole system. Specifically, we propose a metric to measure the potential ICI strength between any two users in the system based on their angle of arrival, correlation, and distances to construct an ICI graph, where each user is regarded as a node. This ICI graph denotes the potential ICI strength relationship among all users in the system. Then, we propose a VGC-PA algorithm to mitigate the ICI relationship between users with the same pilot sequences by assigning different pilots to connected users with high ICI metric based on some criteria. After the pilot assignment process, we apply the existing post-processing DFT filtering in the channel estimation process. The simulation results show the significant improvement of our proposed VGC-PA algorithm compared with existing methods.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) techniques, also known as large-scale MIMO, have been widely investigated both in academia and industry over the last two decades due to their potential significant improvement in spectral efficiency and energy efficiency to meet the exponential increases in mobile traffic in future 5G wireless systems [1] - [3] , such systems consist of base stations (BS) equipped with a very large number of antennas that serve multiple users simultaneously. In the time division duplex (TDD) mode, the users in each cell send pilot sequences to their corresponding BS in multi-cell massive MIMO systems. Since these sequences are pre-known to the BS and are orthogonal to each other, the BS can estimate the uplink channel matrix by using the received pilot signal. Based on the uplink channel matrix, the BS can build its signal detection matrix for the uplink and precoding matrix for the downlink. Therefore, the performance of massive MIMO systems largely depends on the accuracy of the channel state information (CSI) estimation process. It has been proved that intra-cell interference and uncorrelated noise can be totally eliminated when the number of BS antennas goes to infinity [1] - [3] . However, due to the lack of resources, the same set of orthogonal pilot sequences used in one cell must be reused in other cells, which results in an interference problem known as pilot contamination (PC) since the channel estimation at a BS is contaminated by pilot data sent from other BSs. The intercell interference caused by PC will significantly degrade the capacity of TDD massive MIMO systems [1] , [2] , [4] .
A lot of studies have been conducted to solve the challenging problem of PC [5] - [16] . A multi-cell minimum mean square error (MMSE)-based precoding technique was proposed in [5] , where the precoding matrix of each BS was designed to minimize the sum of the squared errors of its own users and the interference with users in other cells. The drawback of this multi-cell MMSE-based precoding technique [5] is its high computational complexity due to large matrix inversion. The time-shifted pilot scheme [6] mitigates PC by dividing the entire system into smaller groups and by using asynchronous transmission among these groups. The time-shifted scheme [6] makes sure that there is no PC among users in different groups when the number of BS antennas goes to infinity, but this leads to the mutual interference between data and pilot sequences in non-asymptotic regime. A smart pilot assignment (SPA) scheme was given in [7] by maximizing the minimum signal-to-interference-plus-noise ratio (SINR) user for each cell in a sequential way, but the convergence cannot be guaranteed. An adaptive pilot allocation (APA) algorithm [8] was proposed by dividing users in the system into two group according to their inter-cell interference when the number of available pilot sequences is larger than number of users in each cell. If the number of available pilot sequences is limited to be equal to the number of users in each cell, then the APA algorithm is the same as random pilot assignment. A PC elimination precoding [9] was proposed by exploiting the property of large-scale fading coefficients of the channel vector between the users and BSs. The precoding [9] can remove PC completely in asymptotic regime, but in non-asymptotic regimes, PC cannot be solved effectively.
The pilot assignment problem in the massive MIMO systems can be interpreted as a vertex graph coloring problem, which is a common mathematical tool and has been used in many fields including allocating network resources [17] , [18] , where each color is equivalent to a pilot sequence. The goal of vertex graph coloring problem is to color the vertices of a graph with the minimum number of colors, such that no two connected vertices will have the same color. Reference [16] took advantage of the vertex graph coloring problem and applied to the uncorrelated Rayleigh fading channel model in which a channel vector are combined by two components: the small-scale fading vector whose components obey complex Normal distribution with mean 0 and variance 1, and the large-scale fading coefficient which depends on shadow fading and path-loss. Based on that channel model, Zhu et al. [16] showed that when number of BS antennas goes to infinity, the user's SINR only depends on large-scale fading coefficients, from that they proposed a metric to measure the interference between two users only based on large-scale fading. They then created a interference graph by comparing the interference metric value between any two users with a pre-defined threshold, if the interference metric value is larger than the threshold then they consider there is an edge with weight 1 between these two users and if not then there will be no edge, the interference graph is not full-mesh and the potential interference metric between any two users is not fully utilized because the graph only has edges with weight 1. After creating the interference graph, a pilot assignment algorithm GC-PA is proposed based on a classic vertex graph coloring algorithm named Dsatur in which the order of users to be colored are dynamic, which means after each time one user is colored, the algorithm need to find the next selected user to be colored by calculating the total connection between candidate user and users in adjacent cells who have not been colored. The target of GC-PA is to reduce the mutual interference between users based on large-scale fading so that the total user SINR will be increased. An addition step in [16] is that before running the GC-PA algorithm, [16] has to find the near-optimum threshold by an iterative grid search (IGS).
Other research direction to mitigating PC is known as pilot design; an example is the pilot design in [10] . In this design, they use Chu sequences and develop a pilot design criterion to maximize the SINR. The solution in [10] only mitigates PC but cannot entirely eliminate PC. Another example of pilot design direction was proposed [11] , where a pilot design criterion is derived to design the optimal pilot sequences for mitigating PC. However, this approach in [11] has a high computational complexity due to large matrix inversion and mathematical manipulation.
Another interesting research direction in PC decontamination is based on the user statistical channel information such as AoA, channel covariance [13] - [15] . Yin et al. [14] used Bayesian estimator to estimate the desired channels and they proved that, with number of BS antennas M goes to infinity and non-overlapping AoA condition between desired user and interfering users is satisfied perfectly, the Bayesian estimated channel of desired user with interfering users coincides with the case when no interference happens. Nonoverlapping AoA is the only criteria to create their pilot assignment algorithm and it is evaluated indirectly through a network utility function which is calculated based on the total of channel estimation MSE of users who are assigned same pilot sequence and the second-order statistics of users channels covariance matrices, the smaller value of network utility function is, the less over-lapping AoA between users. This network utility metric cannot be used to evaluate the potential mutual interference between any two users in the system. The work of [15] only investigates the single-cell massive MIMO system scenario with number of orthogonal pilot sequence is smaller than number of users in the cell. You et al. [15] proved that when the AoA range of desired user is perfectly non-overlapping with the AoA range of interfering users, the MSE of MMSE estimated channel will become zero, the result is similar with [14] but it is proved in different way. Reference [15] also needs to use the secondorder statistic of user channels and also does not evaluate directly the non-overlapping condition or the potential mutual interference between any two users. The location-based channel estimation [13] utilizes the single-frequency property of the steering vector to apply a post-processing discrete Fourier transform (DFT) filtering process after the conventional pilotbased channel estimation. The post-processing DFT filtering process can effectively distinguish the users with different AoAs even if they have the same pilot sequence, especially when in an asymptotic regime, where it has been proved that the inter-cell interference caused by users with nonoverlapping AoAs can be completely eliminated. To meet the non-overlapping AoAs criteria, [13] proposed a suboptimal pilot assignment algorithm; however this algorithm divides each cell into some sectors, and each sector has a representative user located in the center of the sector and they use the location information of these representative users to create the algorithm. This algorithm is only effective if each user is distributed evenly in one sector, which is not a practical scenario. However when one sector has a lot of users and the other sectors have no users, the algorithm in [13] does not work very well.
Inspired by the effectiveness of the post-processing DFT filtering process proposed in [13] , in this paper, we investigate the physical multi-path channel model to propose a pilot assignment algorithm based on a classic vertex graph coloring algorithm LDO (largest degree ordering) in conjunction with the existing post-processing DFT filter in the channel estimation process. We choose LDO among various classic vertex graph coloring algorithm because of its low complexity, short run-time and the acceptable performance in comparison with other algorithm, the comparing results by running LDO and other various algorithms on different types of graphs are showed in [21] . Our idea aims to improve the accuracy of the post-processing DFT filter, in other words, the accuracy of the estimated desired channels are improved and so the user's achievable rates are also improved. First, a new metric is proposed to measure the potential ICI strength between any two users in different cells based on their AoAs correlation and distances. Next, we construct an ICI graph to depict the potential ICI relationships between every user in the system. Then, taking the inspiration from the classical vertex graph coloring problem, we proposed the vertex graph coloringbased pilot assignment (VGC-PA) algorithm to reduce the ICI among all users in the system by consequently assigning available and suitable pilots to users based on some criteria to ensure connected users with large ICI strength metric will not be assigned the same pilot sequence. Simulation results of the proposed VGC-PA algorithm using the post-processing DFT filtering process in [13] after the conventional pilot-based channel estimation show significant improvement.
The rest of the paper is organized as follows. The system model is described in Section I and we also briefly goes through the location-based channel estimation based on the single-frequency property of steering vector in this section. Section II describes our proposed VGC-PA algorithm in conjunction with the location-based channel estimation in detail. Numerical results are presented and discussed in Section III. Finally, conclusions are given in Section IV.
A. SYSTEM MODEL
We consider a multi-cell multi-user massive MIMO system composed of L hexagonal cells, where each cell consists of M antennas and
. An example of a system model with three cells is depicted in Fig. 1 . In this system model, we consider the typical timedivision duplexing (TDD) protocol in massive MIMO systems and we adopt the widely used time block fading model, where the channel vector between the users and BS remains unchanged during the coherence interval [1] . Conventionally, the operation of a massive MIMO system is generally divided into two phases: the channel estimation phase and the data transmission phase.
B. CHANNEL MODEL
The multi-path channel model in this paper is the same as that in [12] . A channel vector h kij with size M × 1 from the k th user in the i th cell to the BS in the j th cell is given as
where P is the number of physical paths and α (1) is the path-loss and shadow fading coefficient between the k th user in the i th cell to the BS in the j th cell [12] and can be given as
where d kij is the distance between the k th user in the i th cell and the BS in the j th cell, γ is the path-loss exponent, and α depends on the cell edge SNR and cell radius R, given as
where SNR edge is the cell edge SNR in dB and σ 2 n is the receiver noise power in dB. We assume the value of θ is in I (0, π), where I (s, e) is the interval from s to e. When a VOLUME 6, 2018 uniform linear array antennas is used, the steering vector a(θ ) is given as in [13] :
where λ is the wavelength of the received signal, D ≤ λ 2 denotes the antenna spacing at the BS antenna array, and T is the transpose operator. In [13] , the asymptotic behavior of this multi-path physical model coincides with the conventional flat-fading massive MIMO channel model in [1] - [3] . Moreover, in [13] , the angle spread of the signal from the user to BS is small when the BS is much higher than the surrounding structure with little scattering, and similar results are shown in [19] and [20] . Therefore, we can assume that the AoAs of the multi-path are confined in a small angle interval as θ
is the line of sight AoA and δ θ is the angle spread.
C. UPLINK TRAINING PHASE
In the uplink training phase, the users in all cells transmit their corresponding pilot sequences to their BSs. We assume that the total number of available pilot sequences is S (S ≥ K ), and the pilot group
is composed of pilots p s with length τ that are orthogonal to each other, i.e., H = I S , where I S is an identity matrix with dimension S × S. The pilot group is reused in other cells due to limited pilot resources. To explain how one pilot sequence is assigned to the k th user in the i th cell, we define (k, i) as
where the set {0, 1, · · · , S − 1} denote of all indexes of the pilot sequence set. We consider that all users in one cell have different pilot sequences. Therefore, a set
In conventional pilot assignment methods, the pilot sequence p (k,i) is randomly assigned to the k th user [1] , [3] , [6] . The BS in the j th cell receives the pilot sequence Y j from its users in the cell and also from users in other cells, given as
where ρ p denotes the pilot transmission power and N j ∈ C M ×τ denotes the additive Gaussian white noise (AWGN) matrix whose entries are independently and identically distributed (i.i.d) Gaussian random variables with zero-mean and variance 1. The estimated value for the channel of the k th user in the j th cell is calculated by correlating the received pilot sequence Y j with the pilot sequence p (k,j) aŝ
where
denotes the equivalent noise after the correlation process.
D. UPLINK DATA TRANSMISSION PHASE
In the data transmission phase, we consider the uplink data transmission in which users transmit their data signal to their corresponding BS. The received user data signal at the BS in the j th cell can be represented as
where s ki denotes the data symbol from the k th user in the i th cell with E{|s ki | 2 } = 1, ρ u denotes the uplink data transmission power, and n j ∈ C M ×1 denotes the AWGN vector at BS with E{n j n H j } = I M . The channel estimation H jj = [ĥ jj1 ,ĥ jj2 , · · · ,ĥ jjK ] obtained in the uplink training phase is used for the data detection process, and the detected symbol vector for all users in the j th cell is computed aŝ
where D j ∈ C K ×M is a detection matrix which is calculated based onĤ jj . Among the existing detection algorithms, the matched-filter (MF) detector is considered and so that
E. LOCATION-BASED CHANNEL ESTIMATION
To explain the proposed pilot assignment algorithm, the basic idea of location-based channel estimation in [13] is first discussed. Such channel estimation methods are based on a post-processing filtering process at the BS to filter out the interfering channel vector from the users in other cells to the target cell based on the user's geographical location which is calculated using their AoAs with the target cell. The filtering process is done by taking advantage of the following property: a(θ ) can be considered as a single-frequency signal with the frequency f a = D λ cos(θ ), so that when the number of the antennas at the BS goes to infinity, the Fourier transform of a(θ ) become a δ-function. The N -points discrete Fourier
the steering vector a(θ ) is given by
where 
where x is the operation for rounding to the integer closest to x, and the function g N (θ) is given as
Denote the DFT of the estimated channel vectorĥ kjj as F kjj = [F kjj (0), F kjj (1), · · · , F kjj (N −1)] T , and assume that the AoAs of the k th user in the j th cell to its corresponding BS are limited in the interval [θ min kjj θ max kjj ]. We can use the above property to filter out the DFT value of F kjj outside the interval I (n min kjj , n max kjj ) by setting those outside value to zero. The interval I (n min kjj , n max kjj ) is defined as
where n min kjj and n max kjj are calculated as
By using this DFT filtering method, the user signal with its AoAs to the target BS outside the interval I (θ min kjj , θ max kjj ) will be filtered out. After the filtering process, we havê
Then, the last step is performing the inverse DFT onF kjj (n) to get the result
The final estimated channel vector for the k th user in the j th cell to its corresponding BS ish
II. VERTEX GRAPH-COLORING BASED PILOT ASSIGNMENT ALGORITHM FROM LOCATION-BASED CHANNEL ESTIMATION
The key point of the effectiveness of the location-based channel estimation method is based on the non-overlapping AoAs to a target BS of different users with the same pilot. To maximize the performance of this post-processing DFT filtering channel estimation, we need to satisfy the non-overlapping AoAs condition as much as possible, which inspired us to propose the VGC-PA algorithm in this paper, in contrast to the conventional pilot assignment scheme that assigns pilot randomly and the detail is proposed as following.
A. PILOT ASSIGNMENT CRITERIA AND ICI GRAPH CONSTRUCTION
There are two criteria to assign a pilot to users in our proposed systems. The first criteria is to assign the same pilot sequence to users in different cells so that the BSs will have different AoAs from those users, which allows the post-processing DFT filtering of the BS to correctly pass the signal of the desired user and filter out all other users with the same pilot sequence. The second criteria is to assign the same pilot sequence to users when the distances between the desired user and interfere users are sufficiently large. To check these two criteria, we proposed a metric to evaluate the potential ICI between any two users in different cells when the same pilot sequence is assigned to the two users. To measure the ISI between the k th user in the i th cell and the l th user in the j th cell for i = j, the ICI metric R kilj between them is defined as (16) where R ki→lj is the ICI metric that the k th user in the i th cell interferes to target l th user in target j th cell, and θ kij and d kij are the AoA of the signal and distance from the k th user in the i th cell to BS in the j th cell, respectively. γ and η(θ ) in (16) are path loss exponent and η(θ ) = [cos(θ ), sin(θ )] T , respectively. R kilj is used to evaluate the ICI strength between the k th user in the i th cell and the l th user in the j th cell (i = j) by considering both the correlation between two AoAs and the distance of the interfering users. A smaller R kilj indicates that the difference in AoA of two users is large and/or the interfering users and target users are far away from each other. Thus, R kilj is a good metric to evaluate the strength of potential ICI between any 2 users if they have the same pilot sequence. To see the potential ICI relationship between every user in the entire system, we propose an ICI graph where each user corresponds to a vertex and each edge is a connection between one user in a cell and another user in an other cell. One user will have connections to every user in the other cells. The metric over an edge between a vertex corresponding to the k th user in the i th cell and a vertex corresponding to the l th user in the j th cell is R kilj for i = j. A simple intuitive illustration of an ICI graph is shown in Fig. 2 where three cells are considered. VOLUME 6, 2018
B. VERTEX GRAPH-COLORING PILOT ASSIGNMENT ALGORITHM
To assign pilot sequences efficiently, we consider the vertex graph coloring problem, which has been involved widely in many studies [17] , [18] . The goal of vertex graph coloring problem is to color the vertices of a graph with the minimum number of colors, such that no two connected vertices will have the same color. However, there are two major differences between our pilot assignment problem and the conventional vertex graph coloring problem, which can be summarized as follows.
D1) Only S pilot sequences are available. D2) Pilots in one cell have to be orthogonal to each other, which means one pilot can not be reused in one cell.
There are a lot of classic algorithms to color vertices in conventional graph coloring problems, but among them we are inspired by the classical largest degree ordering (LDO) algorithm [21] , which sorts vertices in descending order of their degrees and colors them sequentially with the conventional vertex graph coloring criteria. Let V and E be the sets of all vertices and edges in the graph G(V , E), respectively. The pseudo code of our proposed VGC-PA algorithm is presented in Algorithm 1.
Algorithm 1 Proposed VGC-PA Algorithm
Input: System parameters: S, K , L Output: Pilot assignment for all users in the system Initialization:
1) Initialization (Step 1) and Metric Calculation (Step 2-3):
For the ICI graph G with vertices set V as the set of all users in the system and edge set E between all users, the metric for every edge is calculated using equation (16) . After that, the set containing the users that are already assigned pilot sequences is initialized as a null set, i.e = ∅. Let (k, i) and N (k,i) be a vertex which corresponds to the k th user in the i th cell and the set of all vertices connected to the (k, i), respectively. Then, the vertex weight δ (k,i) of the vertex (k, i), is calculated by summing all of its edge metrics ( Step 2) and then sorting them in descending order. we generate the available pilot set for the selected user as in
Step 5 since a pilot can not be reused in one cell. p (k,j) in
Step 5 denotes the pilot sequence that is assigned to k th user in the i th cell and (k, i) is defined in (5).
3) Pilot Assignment based on Potential ICI (Step 6-8):
we define ε s in Step 6 to measure the potential ICI strength between users that are already assigned the pilot s in and the selected user in
Step 5 if the selected user is assigned pilot s. Eventually, the pilot with the smallest potential ICI strength ε s is selected to be assigned to the selected user (k l , i l ) in Step 7. The user (k l , i l ) will be added to the already assigned user set in Step 8.
4) Looping Condition: The loop from
Step 5-8 will be terminated when all users in the ordered array in
Step 3 are assigned their corresponding pilots.
III. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed VGC-PA algorithm by running the simulations in a multicell multi-user massive MIMO system scenario with L = 7 hexagonal cells, where each cell has a central BS equipped with M antennas, the number of users in each cell is K = 12 and the locations of users are randomly and uniformly distributed around the BS. The simulation system's parameters are listed in Table 1 . There are two types of distributions of angle spread are considered in the simulation: the first one is the uniform distribution, where the AoAs are uniformly and randomly distributed in the interval I (θ LOS − δ θ , θ LOS + δ θ ) where θ LOS is the light of sight AoA of users and δ θ is the angle spread, whereas the second one is the Gaussian distribution with mean θ LOS and deviation δ θ .
We evaluate the performance of our proposed VGC-PA algorithm using two criteria: the mean square error (MSE) and capacity. The MSE of the channel estimation vector is calculated by MSE = 10 log 10 E{||ĥ
whereĥ kjj is the estimated channel vector in (7) and h kjj is the true channel vector for the k th user in the j th cell. The capacity of the k th user in the j th cell in uplink data transmission when we adopt an MF detector is calculated as in (18), as shown at the bottom of this page, where d T kj is the k th row vector of MF detection matrix D j in equation (9) .
The proposed VGC-PA algorithm is compared with the following existing solutions: conventional pilot assignment that randomly assigns pilots to the users without any other consideration [1] - [3] , and the proposed suboptimal pilot assignment algorithm in [13] which is based on the location of sectors in each cells; the proposed algorithm in [13] only focuses on one random target cell. Fig. 3 compares the MSE of our proposed VGC-PA algorithm averaged over all channel vectors of all users in the system when the number of available pilots S is equal to the number of users K in each cell, i.e, S = K . With the increase of the number of BS antennas, the average MSE of our proposed algorithm significantly outperformed both the suboptimal pilot assignment algorithm in [13] and conventional pilot assignment for a uniform distribution of the angle spread, by about 5 dB compared with proposed algorithm in [13] and 11 dB compared with conventional pilot assignment when M = 200. Another notation is that the average MSE of our proposed algorithm continues to reduce gradually with the increase of M while the average MSE of the conventional method hardly reduces and remains bad. However, the proposed VGC-PA algorithm is not as efficient for a Gaussian distribution of the angle spread as for the uniform distribution of angle spread. This is due to the fact that for the the Gaussian distribution of angle spread, the AoAs of the multi-physical paths from users are not confined to an interval. Consequently, some physical paths of target user are filtered out in the post-processing DFT filtering process. If we use the user's actual location information, the proposed algorithm shows better results since the filtering process is more accurate. However, the proposed algorithm is different from the suboptimal pilot assignment algorithm in [13] , where the sector's location information in [13] is only effective if each user is distributed evenly in one sector. When one sector has a lot of users and the other sectors have no users, the algorithm in [13] does not work very well. Fig. 4 illustrates the simulation results for the user uplink capacity averaged all over the users in the system. In this figure, the uplink capacity of our VGC-PA algorithm is much more improved for both uniform distribution and Gaussian distribution of angle spread when compared to the conventional method and the proposed algorithm in [13] . For a number of BS antennas M = 200, the data rate of our proposed algorithm is about 0.4 bps/Hz and 2 bps/Hz higher than the algorithm in [13] and the conventional method, respectively, for uniform distribution of angle spread. We can also see that the gain of average capacity per user of our VGC-PA algorithm compared with the algorithm in [13] and the conventional method increases quickly when the number of BS antennas increases; this is because with larger M , the filtering process based on the user's actual location information of our proposed method is significantly more accurate than the asymptotic analysis in [13] . Fig. 5 shows the average MSE against the number of available pilot sequences S, where the system parameters
VOLUME 6, 2018 FIGURE 5. Average mean square error comparison against the number of available pilot sequences where the system parameters L = 7, K = 12 and M = 300 are considered. L = 7, K = 12 and M = 300 are considered. For example, S/K = 3 on the x-axis means that the number of available pilot sequences is 36. For both the pilot assignment algorithm in [13] and the conventional pilot assignment, having more pilots, i.e, S > K , makes no difference and we can see that in the average MSE curves of those methods, straight lines with zero slope is shown. In contrast, for our proposed method, the average MSE is gradually reduced when the ratio S/K increase from 1 to nearly 2.5, but when S/K > 2.5, the average MSE remains nearly unchanged. This can be explained that with our proposed VGC-PA algorithm, when 1 ≤ S/K ≤ 2.5, the more available pilots, the less channel vectors will be interfered by users in other cell with same pilot sequences, which leads to a decrease in the average MSE. However, when S/K > 2.5, the accuracy of the filtering processing is good enough to filter out all the remaining interfering users with the same pilot sequence in other cells, and with more pilots available, there is not much improvement in the average MSE. Fig. 6 illustrates the average per user uplink capacity comparison for uplink data transmission against the number of available pilot sequences where the system parameters L = 7, K = 12 and M = 300 are considered. To correctly evaluate the capacity of our proposed algorithm when S/K increases, we need to consider the spectral efficiency loss µ, which is used to calculate the net capacity of system in [1] , [3] .
In the simulation, we set the spectral efficiency loss when S = K as µ 0 = 0.05, and when S > K , the corresponding µ S is calculated as µ S = (S/K )µ 0 . Similar to the average MSE in fig. 5 , the net capacity of our proposed algorithm increases when 1 ≤ S/K ≤ 1.5 and starts to decrease for S/K > 1.5. This phenomenon occurs because when 1 ≤ S/K ≤ 1.5, the improvement in MSE results in the improvement in net capacity outperforming the loss of capacity due to the spectral efficiency loss µ S . However, when S/K > 1.5, the improvement in net capacity due to the improvement in MSE can not compensate for the loss of capacity due to the spectral efficiency loss µ S and consequently, the net capacity decreases rapidly with the increase of ratio S/K .
IV. CONCLUSION
In this paper, we have proposed a pilot assignment algorithm in conjunction with a location-based channel estimation to reduce the effects of ICI in massive MIMO systems. More specifically, after the conventional channel estimation process, we apply a post-processing DFT filtering process on the conventionally estimated channel by taking advantage of the spatial selection property of the antenna array's steering vector, where this DFT filtering has been proved to effectively distinguish the users with different AoAs when they are assigned the same pilot sequence. We also propose a metric to measure the potential ICI strength between any two users based on their AoAs correlation and distances, from which, we construct an ICI graph to depict the potential ICI relationships between every users in the system. Then, we proposed the VGC-PA algorithm to reduce the ICI among all users in the system by consequently assigning available and suitable pilots to users based on some criteria to ensure connected users with a large ICI strength metric will not be assigned the same pilot sequence. Simulation results illustrate that the proposed VGC-PA algorithm with the DFT filtering process outperforms the existing methods.
